Copper pesticides used to control fungal and bacterial diseases such as grapes downy mildew (Plasmopara viticola), downy mildew of hops (Pseudoperonospora humili), apple scab (Venturia spp.
Introduction
Copper pesticides have been used in Germany for almost 150 years, controlling plant diseases such as downy mildew of grapes (Plasmopara viticola) and hops (Pseudoperonospora humuli ), apple scab (Venturia spp.), fire blight (Erwinia amylovora) and potato blight (Phytophthora infestans). This makes them some of the oldest plant protection products (PPPs) relevant today. Until well into the last century, application rates of 20 to 30 kilograms per hectare per year (kg ha −1 yr −1 ), and occasionally even 80 or more kg ha −1 yr −1 , of copper pesticides were used in conventional farming in Germany [1] .
Soil persistence and the effects on soil organisms are discussed, nationally and internationally, as possible impacts from years of copper pesticide use. Strumpf et al. [2, 3] conducted extensive surveys on copper pollution of soils in organic and conventional grapes, hops and tree fruit-growing in Germany. They later performed a risk assessment of soil copper levels based on bioavailable copper instead of total copper, the previous standard [4] . Research has shown that less than 10% of the total copper in soil is easily mobilized [5] , and that not only the total copper content, but also the texture [% sand content] and pH of the soil, are significant factors influencing copper mobilization.
The European Commission extended its approval for the use of copper compounds as fungicides/bactericides until January 31, 2018. However, this was done on the condition that appropriate measures are taken to reduce usage. In as early as 2009, Germany and some other EU Member States already passed resolutions to substantially reduce the maximum limits permitted for pure copper pesticides. Instead of the 6 kg ha −1 year limit permitted by EU regulations, Germany has a limit of 3 kg ha −1 yr −1 and 4 kg ha −1 year in hops. Under the aegis of the German Federation of the Organic Food Industry (BÖLW), German organic farming and integrated pest management associations, in coordination with the competent authorities, developed a targeted copper minimization strategy that aims to reduce the annual net amount of copper used in crop protection per hectare and year, even further [6] .
This article provides a review of the use of copper pesticides in crop protection in Germany since 2010 by crop and farming method (conventional or organic). Previous studies on the reduction of the use of copper as a pesticide in Germany are also examined. The tested strategies are analyzed in terms of their efficacy and success, and limitations of the previous copper reduction strategies are elucidated.
Materials and Methods

Status Quo Analysis of the Use of Copper Pesticides in German Agriculture and Horticulture
Article 64 of the German Plant Protection Act requires that manufacturers, distributors and importers of plant protection products report to the BVL (Federal Office of Consumer Protection and Food Safety) with their annual domestic sales of such products and the active substances contained in them by amount. The BVL kindly provided the statistics on the sales of copper pesticides in Germany from 2010 to 2014. Julius Kühn Institute (JKI) has regularly conducted surveys on the use of chemical plant protection products in the main agricultural and horticultural crops in Germany since 2000. They have been continued as "PAPA surveys", categorized under a different legislative framework since 2011 [7] . PAPA is an acronym for Panel Pesticide Applications. Networks of crop-specific survey farms that gather and report detailed annual data on pesticide use were established under the PAPA program. The selected crops (winter wheat, winter barley, winter rye, corn, potatoes, sugar beet, dessert apples, hops and grapes) are those considered most relevant for the National Action Plan on Sustainable Use of pesticides [8] . Data on the use of copper pesticides can also be gathered from these surveys. It should be noted that the PAPA surveys only collect data from conventional farms; German organic farming associations collect the corresponding data on organic farming. This is a component of the JKI's copper pesticide reduction strategy paper with specific consideration of organic farming [6] . (Tables 1 and 2) showed that, when adjusted for differences in the sizes of application areas, only 24% (26.5 metric ton, t) of the total amount of copper was used in organic farming compared to 76% (84.8 t) in conventional farming. Table 4 lists only those crops in which copper pesticides were used in integrated pest management. They were not used in any arable crops except potato. Table 4 clearly demonstrates how copper oxychloride (trade name: Funguran), which was initially the most prevalent active ingredient, was replaced by copper hydroxide (trade names: Cuprozin Liquid, Cuprozin Progress, Funguran Progress, and Kocide OPTI) over the analyzed time period. The applied quantities of copper oxychloride decreased from 163.7 t in 2011 to 1.8 t in 2014 (Table 5 ). The reverse was observed for copper hydroxide. The application rate of this active substance increased approximately three-fold, from 45.6 t (2011) to 132.6 t (2014). Use of the other two copper-containing active ingredients (copper sulfate and copper octanoate) was marginal. Because basic copper sulfate (trade name: Cuproxat) is only allowed in grape-growing and does not play a significant role, at least in conventional agriculture, it was not included in the table. Copper octanoate (trade name: Cueva) is allowed in potatoes, apples, grapes and ornamental plants, but is only used in viticulture in conventional farming.
Assessment of the Status
In organic farming, the application of copper-containing pesticides is based on forecast model predictions and not always on the total cultivated area (except in hop-growing). This comprises over 90% of the total organic farming area. Table 3 shows the amounts of copper used in organic viticulture in recent years. The differences in copper application rates between the different growing regions are sometimes substantial. This can be attributed to regional differences in climatic conditions and weather profiles between the different growing regions. A regional analysis was performed on part of the collected data ( Figure 1 ). Comparison showed that the lowest amounts of copper are used in the Ahr grape-growing region [9] . The highest amounts of copper were used in organic hop-growing due to the high amount of foliage per unit area. Application rates in hops exceeded 3 kg ha −1 yr −1 in four out of six years ( Table 6 ). The small scale of organic cultivation of this crop (max.85 ha in 2015) should be noted. The copper application rates in organic fruit-growing on the other hand, were less than 2 kg ha −1 yr −1 . A general decrease in the amount of copper used in apples, peaches, pears and stone fruit occurred over the observation period (Table 7) .
Regarding potatoes, farms associated with Demeter Association do not use copper in potato and vegetable-growing and sometimes accept the risk of considerable yield losses, alternatively they switch to low-infestation regions to protect critical crops [10] . The copper application rates in organic potato-growing were below 2 kg ha −1 yr −1 (Table 8 ). In organic vegetable-growing, a substantial percentage of farming area is managed in accordance with the minimum limits of the EU organic farming regulations alone, and the German farming associations have not yet recorded the copper application rates there. The average copper application rates reported in Table 9 are, therefore, based on reports from only two organic farming associations, Bioland and Naturland. Pumpkin was the sole crop in which copper products were used in all four years studied. In cucumber, fennel, leek and ornamentals, copper was used in only one out of 4 years.
Projects Funded with Public Funds (Federal Organic
Farming Scheme and Other Forms of Sustainable Agriculture -BÖLN)
Since its establishment in 2001 to 2015, BÖLN has funded a total of 67 projects for research on copper replacement and minimization. The BÖLN Federal Organic Farming Scheme has awarded a total of 10.2 million euros in grants (Table 10 ). Table 8 . The number of projects supported varies by crop type, in some cases greatly. Most of the projects carried out involved crops that are highly dependent on the use of copper, e.g., fruit and grapes. Although relatively large amounts of copper pesticide are regularly used in hop-growing, only two projects funded so far involved this crop. Projects that were not unique to a given crop type or which contributed to the minimization of copper indirectly were included in the subcategory "Others".
Number of Alternative Products Tested and Their Effects in the Field
At least 278 alternative products were field-tested alone or combined (Figure 2 ). At least 56 and 182 of these were tested in the crops "grapes" and "fruit", respectively. In other crops, a smaller number of projects and a larger number of variety and field tests were conducted.
At least 90 of the tested products showed a significant effect on the comparison variant in these trials. In some cases, however, data was from only one-year trials, thus requiring further investigation. Figure 2. Number of copper alternative/replacement products field-tested under the BÖLN program and their effects in different crops. Symbols: ++ (significant effect), + (effective in the laboratory/greenhouse but not in the field), 0 (no effect).
In most cases, the copper alternatives were first tested in the laboratory and/or greenhouse (especially in fruitgrowing) prior to field testing. They were only tested in the field if they showed good efficacy in the indoor setting. However, some substances were employed based on practical experience or data from literature. Consequently, some of the products demonstrated efficacy only under certain conditions, e.g., very good effects in the laboratory or good effects in the greenhouse but not in the field. A lack of rain resistance or UV resistance was frequently the presumed reason for these discrepancies. This was the case for 21 products.
At least 106 of the tested products showed no effect in the field. At least 61 of these alternative products had been tested in fruit-growing. No data could be collected on 85 products for various reasons; for example, in one case, a product was to be tested on fungal diseases, which did not develop during the observation period. In other cases, the trials have not yet been completed, so no conclusions regarding the efficacy of the products can be made.
Copper products tested at reduced application rates
In addition to alternative substances, 139 copper compounds were tested under field conditions in reduced application rates, new formulations or combinations (Figure 3) .
Potato was the crop on which most (n = 60) of these copper compounds were tested. Improved spray technology and forecasting models were developed in these projects. In total, 21 and 38 products, respectively, were tested in the crops "grapes" and "fruit".
105 field trials showed significant effects of products tested at reduced copper application rates (Figure 3) , including all products tested in hops, grapes and vegetable-growing. Only two products tested in fruit-growing showed no effect. Problems such as difficulty producing a homogeneous spray mixture or clogging of the spray nozzles also led to the failure of sprayed products.
Other Project Funding
As well as finding alternative products to replace copper, other elements of plant protection were investigated, e.g., the development of more resistant crop varieties, better spraying techniques, and improved forecasting models (Table 11) .
Brief descriptions of the projects by crop are presented below.
Potato: Several projects were funded in potato-growing: Two dealt with development and implementation of the ECO SIMPHYT forecast model, which contributes directly to copper minimization because it can, among other things, give farmers precise spraying date recommendations. Another two projects dealt with the use of preventative measures to control late blight (P. infestans) so that less copper can be applied. Two more projects investigated new resistant varieties and one, an improved spraying technique (lower leaf spraying) which may contribute to reducing the copper application rate.
Grapes: In contrast to potato-growing, the breeding of resistant varieties was a main focus of research in viticulture (Table 11) . A total of five projects were funded. Two projects investigated the resistance of old grape varieties or the combination of different fungus-resistant grape varieties (PIWI), among other things. Three projects were performed for additional research into the biology of grapevine downy mildew (Plasmopara viticola). A reduced copper application rate of 2 kg ha −1 yr −1 is sufficient when Peronospora infestation levels are low. The efficacy of algae extracts and clays can be quite satisfactory under these conditions.
Fruit: Projects in fruit-growing involved research on fall foliage reduction [11] [12] [13] [14] . This is important because over winter, leaves with apple scab fall and re-infect trees in spring. As in viticulture, research into the biology of various pathogens (mainly apple scab) in fruit-growing was also funded [15] . All the results from these trials aim to feed into forecasting models and software for application intensity and risk assessment of copper pesticides used by farmers [16, 17] . Variety trials and two improved spraying technique trials were also conducted [18] .
Vegetables: Variety selection trials were performed and cultivation methods were tested in all six projects performed in vegetable-growing. Hot water treatment of seeds successfully reduced carrot leaf blight (Alternaria dauci) in one study [19] . Moreover, a promising licorice-based product (Glycyrrhiza glabra) was developed to control fungal diseases in cucumber, tomato and potatoes [20] .
Hops: The research projects performed in hops tested the ability of alternatives to copper and sulfur-containing pesticides as well as copper combinations to reduce the copper application rate. Unfortunately, none of the investigated products satisfied the requirements.
Inability to satisfactorily control primary infection of hop downy mildew (Pseudoperonospora humuli) was the fundamental problem. Preventive application was only able to prevent secondary infection. The use of quassia to control the hop aphid achieved reasonable results [21] . ++ (significant effect), + (effective in the laboratory/greenhouse but not in the field), 0 (no effect).
Discussion
Use of Copper Pesticides in Integrated Pest Management
The use of copper-containing pesticides in German grapes and hop growing is focused on the last application of the year (in August) in order to control downy mildew of grapes and hops. This application, therefore, has an important key function in terms of the necessary active ingredient rotation and successful resistance management. It should be noted that the copper application rates used for the final treatment in integrated viticulture are substantially higher than those normally used in organic viticulture. To date, no cases of resistance to copper-containing pesticides have been reported-since the first use of copper-containing substances in plant protection about 150 years ago. This underscores the importance of copper pesticides for crop protection as, until now, no other plant protection product has shown such a long duration of effect. In fruit-growing, copper pesticides are mainly used in the winter months (December to March) to control apple canker (Nectria galligena), and in March to control bark scab. The current use of copper-containing pesticides in conventional potato-growing is negligible.
Use of Copper Pesticides in Organic Farming
The collaboration between organic farms, researchers and medium-sized pesticide companies to promote copper reduction in recent years has led to further reduction of the amounts of copper used in various crops. Key factors that have contributed to successful copper reduction include the development of forecasting models that accurately determine the need for and timing of pesticide application [22] , the implementation of agronomic and technical measures [11] and the selection of less susceptible varieties [23] . The use of alternative natural pesticides and plant strengtheners [20, 24] must be incorporated in an overall strategy. Then, less effective products may also be useful components of copper minimization under certain conditions (e.g., weather, timing of application). Despite these advances, it is still neither possible nor advisable to completely refrain from using copper pesticides in organic farming. Organic viticulture and hop-growing are particularly dependent on the availability of copper pesticides. After failure to get potassium phosphonate included in Annex II of Regulation 889/2008, no effective alternative products for these crops appear to be on the horizon any time soon. Furthermore,the willingness of conventional grape growers to change to organic farming depends largely on the availability of options for effective control of downy mildew of grapes (Plasmopara viticola) and grape black rot (Guignardia bidwellii ).
In organic hops production, the application rates of copper pesticides used to reduce hop downy mildew (Pseudoperonospora humuli) can even be reduced to less than 3 kg ha −1 yr −1 (pure copper) during years of low disease pressure. However, rates of up to 4 kg ha −1 yr −1 may still be needed in years with high disease pressure, meaning that a high flexibility of copper application is necessary in this crop [25] . If copper-containing pesticides were banned, it is feared that organic hop farms would go out of business because equivalent alternatives are still lacking [25] . Regarding the control of apple scab (Venturia inaequalis) in organic orchards, improvements have already been developed and tested in the context of copper minimization strategy in the following areas: cultivation methods [12] , fall foliage management [13] , the use of resistant varieties [15] , and the possible use of alternative products [14] . The search for new products for organic fruit production is focused on modular strategies designed to ensure that copper use is reduced while achieving the same or even better plant health [12] .
Potato late blight (Phytophthora infestans) can cause severe economic losses in organic potato production [25] . In times of high infestation pressure and adverse weather conditions, the reliability of effect of the alternative products tested so far is still too low for them to be equivalent substitutes for copper-containing pesticides [26] . Forecasting models for late blight were adjusted to the conditions of organic farming and to the comparatively lower nutrient levels in the soil. This led to a reduction of copper applications [21, 27] . Wilbois et al. [28] predict that the trend towards copper reduction will continue in the future, and that the level of copper application reached in about 10 to 15 years will correspond to the natural uptake of copper as a plant nutrient.
In vegetable-growing, copper pesticides are only relevant in a few crops and are usually applied at rates of less than 2 kg ha −1 yr −1 . The control of downy mildew in lettuce and cucumber is a major focus. Resistant varieties [29] and new licorice preparations were successfully tested [19, 30, 31] . Effective alternative pesticides for these applications can be expected in the future.
Research Funding to Promote Copper Reduction in Crop Protection
Research funding to promote copper reduction in German agriculture has focused on the following fields of study:
• Further development of forecast models • Development of resistant varieties • Improved spraying techniques • Improved cultivation techniques • Introduction of new copper products with low copper concentrations • Development and introduction of copper-free alternatives • Implementation and optimization of overall plant protection strategies • Improvement of copper pesticide impact assessment Our status quo analysis clearly showed that German research on copper reduction and replacement is based on close collaboration between research, practice, advisory services and industry, and needs to be continued and further developed.
At present, it is still not possible to completely refrain from using copper pesticides in organic farming. Emerging diseases, such as grape black rot (Guignardia bidwellii), can result in partial to complete yield loss [32] . The combination of copper-containing pesticides with sulfur-based products is currently the only effective way to combat grape black rot in organic viticulture [32] . It should be noted that research funding in Germany is accompanied by other measures that contribute to successful copper minimization. This includes the advancement of Strategy Paper on Copper Reduction in Plant Protection [6] and the annual conferences on the theme of "Copper as a Pesticide", which are jointly organized by the German Federation of the Organic Food Industry (BÖLW) and the Julius Kühn Institute. These are important contributions to continuously documenting the progress made, and measures needed, to achieve copper reduction.
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